X-ray assisted nuclear excitation by electron capture (NEEC) into inner-shell atomic holes in a plasma environment generated by strong optical lasers is investigated theoretically. The considered scenario involves the interaction of a strong optical laser with a solid-state nuclear target leading to the generation of a plasma. In addition, intense x-ray radiation from an x-ray free electron laser (XFEL) produces inner-shell holes in the plasma ions, into which NEEC may occur. As case study we consider the 4.85-keV transition starting from the 2.4 MeV long-lived 93m Mo isomer that can be used to release the energy stored in this metastable nuclear state. We find that the recombination into 2p 1/2 inner-shell holes is most efficient in driving the nuclear transition. Already at few hundred eV plasma temperature, the generation of inner-shell holes can allow optimal conditions for NEEC, otherwise reached for steady-state plasma conditions in thermodynamical equilibrium only at few keV. The combination of x-ray and optical lasers presents two advantages: first, NEEC rates can be maximized at plasma temperatures where the photoexcitation rate remains low. Second, with mJclass optical lasers and an XFEL repetition rate of 10 kHz, the NEEC excitation number can reach ∼ 1 depleted isomer per second and is competitive with scenarios recently envisaged at petawattclass lasers.
I. INTRODUCTION
Intense coherent light sources available today, covering a large frequency range from optical to x-ray light, open unprecedented possibilities for the field of lasermatter interactions [1] . In particular, not only do they address the electronic dynamics, but they might also influence the states of atomic nuclei. Novel X-ray sources as the X-ray Free Electron Laser (XFEL) can drive, for instance, low-energy electromagnetic transitions in nuclei [2] . High-power optical laser systems with up to a few petawatt power are very efficient in generating plasma environments [3] that host complex interactions between photons, electrons, ions, and the atomic nucleus. Nuclear excitation in hot plasmas generated by optical lasers has been the subject of numerous works [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Also nuclear excitation in cold plasmas generated by XFELs [23] was shown to be relevant for a number of low-lying nuclear states [24, 25] . Since plasmas in laser laboratories have temperatures restricted to few keV, the range of nuclear transitions that can be efficiently addressed is limited. As initial state, one can envisage either the nuclear ground state or long-lived excited states, also known as nuclear isomers [26] . Isomers are particularly interesting due to their potential to store large amounts of energy over long periods of time [27] [28] [29] [30] [31] [32] [33] . A typical example is 93m Mo at 2.4 MeV, for which an additional excitation of only 4.85 keV could lead to the depletion of the isomer and release the stored energy on demand.
Nuclear excitation in plasmas may occur via several mechanisms. Apart from photoexcitation, the coupling * yuanbin.wu@mpi-hd.mpg.de † palffy@mpi-hd.mpg.de to the atomic shell via processes such as nuclear excitation by electron capture (NEEC) or electron transition (NEET) [34, 35] may play an important role. In the resonant process of NEEC, a free electron recombines into an ion with the simultaneous excitation of the nucleus. The energy set free by the recombining electron has to be an exact match for the nuclear transition energy. Theoretical predictions have shown that as a secondary process in the plasma environment, NEEC may exceed the direct nuclear photoexcitation at the XFEL. For the 4.85 keV transition above the 93m Mo isomer, the secondary NEEC in the plasma exceeds direct XFEL photoexcitation by approximately six orders of magnitude [24, 25] . Just recently, another theoretical work has shown that by tailoring optical-laser-generated plasmas to harness maximum nuclear excitation via NEEC, a further six orders of magnitude increase in the nuclear excitation and subsequent isomer depletion can be reached [36, 37] compared to the case of cold XFEL-generated plasmas.
As a general feature of NEEC, capture is most efficient and the excitation cross sections are highest for electron recombination into inner-shell vacancies. This holds true also for the case of 93m Mo, for which the largest NEEC cross section occurs for the capture into the L-shell vacancies, while capture into the inner-most K-shell is energetically forbidden [24, 25, 36, 37] . However, in a plasma scenario it is difficult to simultaneously facilitate both the existence of inner-shell vacancies and the corresponding free electron energies that are allowed by NEEC. In order to decouple these two requirements, in this work we consider a scenario in which a solid-state nuclear target interacts with both an optical and an x-ray laser. The optical laser generates the plasma environment and is responsible for the free electron energy distribution, while the x-ray laser interacts efficiently with inner-shell electrons producing the optimal atomic vacancies for NEEC. The sketch of this two-step scenario is illustrated in Fig. 1 . As a case study we consider again the 4.85-keV nuclear transition starting from the long-lived excited state of 93m Mo at 2.4 MeV. Apart from allowing for a practical isomer depletion scenario, 93m Mo is also interesting because of the recently reported observation of isomer depletion of the 4.85-keV transition attributed to NEEC [38] and the subsequently raised question marks about the observed depletion mechanisms [39] . Our results show that for low-temperature plasmas, the XFEL-generated inner-shell holes can substantially enhance the NEEC rates making them competitive with the case of high-temperature plasmas in thermodynamical equilibrium (TE). For low plasma temperatures, the x-ray assisted NEEC process is dominant. This holds true for electron densities in the range of 10 19 − 10 21 cm −3 , while for high densities of 10 23 cm −3 , recombination occurs too fast and substantially reduces the lifetimes of the inner-shell holes. The advantages of x-rayassisted NEEC in optical laser-generated plasma are twofold. First, by requiring only a small plasma temperature, the competing photoexcitation rate is kept small and NEEC is dominant. Thus observation of photons belonging to the isomer decay cascade could be undoubtedly attributed to NEEC. Second, the isomer depletion signal becomes detectable even when using a mJ optical laser, the excitation being competitive with the predicted values for petawatt-class laser facilities. The requirements for optical laser power are therefore substantially lowered by the presence of the XFEL. Allegedly, XFEL facilities are at present more scarce than petawatt optical laser ones. However, a combination of optical and X-ray lasers such as the Helmholtz International Beamline for Extreme Fields HIBEF [41] is already envisaged at the European XFEL [42] , rendering possible in the near future the scenario investigated here.
The paper is structured as follows. In Sec. II, we introduce the scenario of x-ray-assisted NEEC in optical lasergenerated plasmas and discuss the theoretical grounds of our calculations. Our numerical results for NEEC rates in plasmas with XFEL-generated inner-shell holes and in particular for the two-laser setup are presented in Sec. III. The paper concludes with a brief summary in Sec. IV.
II. THEORETICAL APPROACH
In the following we investigate the scenario of a nuclear solid-state target interacting with a strong optical laser and an XFEL as depicted in Fig. 1 . High-power optical lasers are efficient in generating plasmas over a broad parameter region as far as both temperature and density are concerned. In turn, XFELs can interact with inner-shell electrons efficiently. The process is envisaged in two stages. At the plasma generation stage, the optical laser generates and heats the plasma and shortly after the end of the pulse we assume TE is reached. The mechanisms of plasma generation and heating are either the direct interaction of the laser with the target electrons for the low density case, or the secondary process of interaction of the hot electrons (directly heated by the laser) with the solid target for the high density case [36, 37] . The time required to reach the TE steady state depends on the plasma density and temperature. According to the rate estimates based on the radiative-collisional code FLYCHK [43, 44] , this varies from the order of 10 fs for solid-state density to the order of 10 ps for low density ∼ 10 19 cm −3 at temperature ∼ 1 keV [37] . This timescale for reaching the TE steady state with regard to the atomic process is much shorter than the plasma lifetime estimated from the hydrodynamic expansion of the plasma for the considered conditions [37] .
In the second stage, the XFEL starts producing innershell holes via photoionization [23] . In this process, the actual number of x-ray photons in the XFEL pulse plays a more important role than the coherence properties of the latter. The XFEL pulse will additionally heat the plasma and shift the temperature by few tens of eV. However, since this shift is small compared to the plasma temperature induced by the optical laser, we consider in first approximation for our calculation that the temperature is constant throughout the production of inner-shell holes. The additional heating by the XFEL to the plasma is expected to change the result in the level of a few percent.
Since the optical and x-ray lasers are supposed to act on the same target, it is important that some of their parameters such as intensity and repetition rate have similar orders of magnitude. In Refs. [36, 37] , parameters of petawatt-class optical lasers were adopted for the calculations. However, the two types of facilities do not match well [45, 46] : (i) Petawatt-class optical lasers are much stronger than XFELs; (ii) XFELs have higher repetition rates than petawatt-class lasers. For this reason in the present scenario we focus on the mJ-class optical lasers which could match XFELs in both power and repetition rate.
Following the studies in Refs. [24, 25, 36, 37] , we consider the 4.85-keV nuclear transition starting from a longlived excited state of 93m Mo at 2.4 MeV, which has a half-life of 6.85 h. The 93m Mo isomer can be depleted by driving the 4.85 keV electric quadrupole (E2) transition from the isomer to a triggering level (T), which subsequently decays via a cascade to the ground state. The partial level scheme of 93m Mo is shown in Fig. 1 . The considered nuclear target is a Niobium target with a fraction of 93m Mo isomer embedded in it. A 93m Mo isomer fraction f iso ≈ 10 −5 embedded in Niobium target can be generated by intense ( 10 14 protons/s) proton beams [24] via the reaction 93 41 Nb(p, n) 93m 42 Mo [47] .
A. NEEC rates in plasmas
The calculation of NEEC rates in plasma environments requires three important ingredients: the actual NEEC cross sections for capture into different atomic orbitals, the existence of atomic vacancies in the respective orbitals and the free electron distribution. At TE the NEEC rate, free electron flux and the charge state distribution can be written as a function of the plasma temperature. The NEEC rate in the plasma can be obtained by the summation over all charge states q and all capture channels α d ,
where P q is the probability to find ions of charge state q in the plasma as a function of electron temperature T e and density n e , σ α q is the NEEC cross section, and φ e is the free-electron flux.
The microscopic NEEC cross sections are calculated following the formalism in Refs. [24, 25, 48, 49] . The energy-dependent cross sections exhibit Lorentzian profiles centered on the discrete resonance energies which depend on the exact capture orbital,
where S α q (E) is the NEEC resonance strength, only slowly varying with respect to the electron energy, and E q,α and Γ q,α are the recombining electron energy and the natural width of the resonant state, respectively. The resonant continuum electron energy E q,α is given by the difference between the nuclear transition energy 4.85 keV and the electronic energy transferred to the bound atomic shell in the recombination process. For NEEC into the electronic ground state, the Lorentzian width is given by the nuclear state width and is 10 −7 eV for the 2429.80 keV level T above the isomer [40] . The Lorentz profile can then be approximated by a Dirac-delta function. However, if the electron recombination occurs into an excited electronic configuration, the width of the Lorentz profile is determined by the electronic width, typically on the order of 1 eV [50] . This value is still small compared to the continuum electron energies of few keV.
The resonance strength S α q (E) depends on the matrix elements of the Hamiltonian coupling the electronic and nuclear degrees of freedom, which can be separated into an electronic and a nuclear part. The occurring nuclear matrix elements can be related to the reduced transition probability B(E 2 ) for which the calculated value of 3.5 W.u. (Weisskopf units) [51] has been adopted. The electronic matrix element is calculated using relativistic electronic wave functions. The bound atomic wave functions are obtained from the multi-configurational Dirac-Fock method implemented in the GRASP92 package [52] , while for the continuum wave functions solutions of the Dirac equation with Z eff = q were used. Following the analysis in Ref. [37] , we do not consider for the electronic wave functions the effects of the plasma temperature and density, which are sufficiently small to be neglected in the final result of the nuclear excitation.
The free-electron flux φ e (E, T e , n e ) is obtained by modelling the plasma by a relativistic Fermi-Dirac distribution. This approximation based on TE is appropriate starting shortly after the end of the optical laser pulse, since thermalization occurs on a much shorter timescale much than the plasma lifetime over which NEEC takes place [37] . We neglect here the shift in electron temperature induced by the XFEL which is expected to be few tens of eV for the case under consideration.
The charge state distribution P q (T e , n e ) after the optical laser pulse is computed using the radiative-collisional code FLYCHK [43, 44] assuming the plasma to be in its nonlocal TE steady state. For the case of x-ray assisted NEEC, we additionally assume the presence of inner-shell holes in the 2s and 2p orbitals of Mo.
B. Number of depleted isomers
In order to obtain the NEEC excitation number N exc , we integrate the NEEC rate λ neec over the plasma volume V p and the approximate plasma lifetime. In the present work, we assume in a first approximation homogeneous plasma conditions (density, temperature, and charge-state distribution) over the plasma lifetime τ p . The analysis in Ref. [37] shows that this lifetime approximation provides reasonable NEEC results, by comparing with the more detailed hydrodynamic expansion model [∼ 50% of deviation for low temperatures and ∼ 5% for high temperatures ( 6 keV)]. Then the total number of excited nuclei is
where N iso is the number of isomers in the plasma, and λ TE neec is the total NEEC rate assuming the plasma is in TE steady state [36, 37] . Here, N h iso is the number of isomers with an x-ray generated inner-shell h hole in the atomic shell (h: 2s, 2p 1/2 , or 2p 3/2 ) in the plasma, λ h neec is the NEEC rate for the capture into the inner-shell h hole, and τ h is the lifetime of the h hole. The number of isomers can be estimated by N iso = f iso n i V p , where n i is the ion number density in the plasma. Assuming a spherical plasma, the plasma lifetime is approximatively given by [25, 36, 37, 53] 
where m i is the ion mass,Z is the average charge state, and R p is the plasma radius.
We now proceed to estimate the number of isomers N h iso with a hole in the L shell. To this end we use the photon absorption cross section values from Ref. [54] considered at the ionization threshold energy. Depending on the particular charge state, the latter spans between approx. 2 keV and 4.8 keV for generating holes in the three orbitals of the L shell. Over this interval, the absorption cross sections have a smooth dependence on the incoming photon energy and in particular vary insignificantly over the XFEL pulse energy width of approx. 20 eV [42] . For an order of magnitude estimate we neglect the complicated XFEL pulse coherence properties and consider just the total x-ray photon number of approx. 10 12 photons/pulse [42] . The corresponding flux of incoherent photons together with the absorption cross section values that can reach a few times of 10 5 barns for the considered 2s and 2p orbitals [54] result in a hole production fraction of approx. 70% for the 2p 3/2 hole and slightly smaller for the other two orbitals. It is likely that by taking into account the effect of the XFEL coherence properties on photoionization in a similar manner as in Refs. [55, 56] , these fractions of plasma ions with L-shell holes will increase. In the following, for an order of magnitude estimate of the isomer depletion in the x-ray assisted NEEC in optical-laser-generated plasmas, we will assume that N h iso = N iso . The hole lifetime τ h is estimated based on the timescale τ r h of recombination of the generated hole computed with the FLYCHK code [43, 44] 
Here, τ xfel is the duration of XFEL pulse. In the following we assume an XFEL pulse duration of 100 fs [25, 42, 46] . We note that the plasma lifetime τ p is on the order of 10 ps or even longer for the plasma conditions under consideration. Thus the XFEL pulse duration is a few orders of magnitude shorter than the plasma lifetime.
III. NUMERICAL RESULTS
We calculate NEEC rates as function of plasma temperature for selected electron densities, for both TE conditions as previously discussed in Refs. [36, 37] and for capture into vacant inner-shell holes in the x-ray assisted process. For the latter we consider in first approximation the TE free electron flux and charge distribution with an additional inner-shell hole as the capture state. For the TE case, we consider 333 NEEC capture channels [36, 37] . The main capture channels involve recombination into the L shell and M shell, depending on density and temperature [36, 37] . The NEEC resonance strengths S α q (E) at the resonance energies for capture into L shell lie between approx. 10 −3 b eV and 10 −5 b eV, while the NEEC resonance strength for capture into other shells is 10 −5 b eV [37] . The resonance energy for L-shell capture requires free electron energies between 52 eV and 597 eV [37] , which should be well available at plasma temperatures of a few hundred eV. However, with such low temperatures, under the TE steady state L-shell vacancies are inexistent, thus allowing only for the capture into M shell or further outer shells [36, 37] . The inner-shell hole created by the XFEL could optimise the NEEC by decoupling the free electron energy condition from the capture state generation condition. The results for NEEC rates in the TE and the x-ray assisted scenarios are presented and compared in Fig. 2 . The capture into a 2p 1/2 hole is the most efficient one, and the maximal NEEC rate for the capture into the 2p 1/2 hole is comparable with the maximal total NEEC rate for plasmas in the TE steady state. As an advantage, the optimal conditions for NEEC into the inner-shell hole occur at much lower temperatures than for the case of TE conditions where the temperature governs the charge state distribution and population of the capture orbitals.
We proceed to calculate the number of depleted isomers in Eq. (3) considering a spherical plasma of 10 µm radius. The results are shown in Fig. 3 . For the lowdensity cases n e = 10 19 cm −3 and n e = 10 21 cm −3 , the presence of an XFEL-produced inner-shell hole leads to a great enhancement of the excitation number N exc compared to TE conditions In the x-ray assisted scenario, already for small plasma temperatures we obtain excitation values which are comparable with the optimal N exc in the TE plasma steady state which occurs only at temperatures of a few keV. This lowers the requirements on the optical laser power that generates and heats the plasma.
For higher densities, the effects of the inner-shell hole become negligible. This happens because for high densities, the electron recombination (via other processes than NEEC) becomes very fast, such that the lifetime of the inner-shell hole τ h is significantly decreased. This reduces the importance of the second term in the sum of Eq.
(3) such that the total excitation is determined predominantly by the TE term. We note that the timescale of recombination of the generated hole through atomic processes varies from the order of 10 fs for solid-state density to the order of 10 ps for low density, and the plasma lifetime τ p is on the order of 10 ps or even longer for the plasma conditions under consideration. Thus for high density case, the lifetime τ h of the inner-shell hole is determined by the XFEL duration, which is also a few orders of magnitude shorter than the plasma lifetime as discussed in Sec. II B.
As discussed in Refs. [36, 37] , nuclear photoexcitation from the thermal photons in the plasma dominates over NEEC starting with temperatures of a few keV (T e > 1.6 keV for the density of n e = 10 21 cm −3 ). While photoexcitation enhances the total number of depleted isomers, it does not allow for an unambiguous identification of the nuclear excitation mechanism that led to isomer depletion. Thus, the x-ray assisted process which leads to an enhancement of the excitation at low temperatures, where photoexcitation is not yet dominant, may be helpful to clearly identify the nuclear excitation mechanism in the plasma.
In the following, we proceed to determine the required optical laser parameters to generate the plasma conditions optimal for NEEC. We focus on the case of lowdensity plasma since it is here that the x-ray assisted scenario presents its advantages. In the case of low density (underdense) plasma, the plasma generation can be modelled with the help of the so-called scaling law, following the discussion in Refs. [36, 37] . We adopt here the widely used ponderomotive scaling law in the nonrelativistic limit [57] [58] [59] ,
to connect the electron temperature to the laser parameters. Here I 16 is the laser intensity in units of 10 16 W/cm 2 and λ µ is the wavelength in microns. The total number of electrons in the plasma can be estimated by the absorbed laser energy, where f abs is the laser absorption coefficient, and E laser is the energy of the laser pulse. Then the realistic plasma volume can be found by V p = N e /n e . Since experimental results in Refs. [60, 61] show that the laser absorption is almost independent of the target material and thickness, we adopt here a universal absorption coefficient, which is an interpolation to theoretical results based on a Vlasov-Fokker-Planck code presented in Ref. [60] . For the considered intensity range of interest, the laser absorption coefficient f abs lies between 0.1 and 0.2 [36, 37] . We focus on mJ-class optical lasers and consider two cases with 100 mJ and 10 mJ energies, respectively. For the electron density we adopt the value of n e = 10 21 cm −3 . The NEEC excitation numbers N exc as function of the laser parameter product Iλ are shown in Fig. 4 for both TE conditions and the x-ray assisted scenario. Our results show that for low laser intensity, N exc is enhanced by almost one order of magnitude compared to the case of the plasma in TE steady state. Assuming a repetition rate of 10 kHz, which is in principle available for both mJ-class optical lasers and XFELs, the NEEC excitation number can reach as much as ∼ 1 per second. This is at the same level as the one we can obtain from plasmas generated by petawatt-class lasers [36, 37] , with the advantage that mJ laser facilities have much better availability.
At the European XFEL [42] a combination of optical and XFEL lasers the will be soon available under the user consortium HIBEF [41] . A commercial terawatt laser has been already installed at the European XFEL, and a high energy (100 J per pulse) laser is further planned. HIBEF may soon provide the chance to investigate experimentally in the near future the scenario studied here. Alternatively, other XFEL facilities already operational or at present under construction such as LCLS (LCLS II) [62], SACLA [63] , and SwissFEL [64] in combination with commercially available mJ-class optical lasers [65, 66] , will open new opportunities to explore the role of innershell holes for NEEC. Furthermore, since the coherence properties of the x-ray source are less relevant for photoionization than for instance for x-ray quantum optics applications, one can also envisage the use of the opticallaser-driven x-ray sources [67] [68] [69] [70] [71] as the one envisaged at the Extreme Light Infrastructure (ELI) [72] as a further laser facility option for investigating the x-ray assisted NEEC in plasma scenario.
IV. CONCLUSION
We have investigated theoretically the scenario of x-ray asssisted NEEC in the plasmas generated by mJ optical lasers. The role of the x-ray photons from an XFEL pulse is to produce L-shell holes which are available for electron recombination and therefore facilitate NEEC. Our results show that capture into a 2p 1/2 inner-shell hole is the most efficient one, and the maximal NEEC rate here is comparable with the maximal total NEEC rate for plasmas in TE steady state. The advantage is however that the optimal condition for the NEEC into the inner-shell hole happens at temperatures of a few hundred eV, much lower than the few keV defining the optimal condition for the total NEEC rate for plasmas in TE steady state. The enhancement at low temperatures (few hundred eV) is helpful to avoid nuclear photoexcitation from the thermal photons in the plasma discussed in Refs. [36, 37] , possibly leading to a clear NEEC signal. Our results also show that the effect of inner-shell holes is negligible for the high density case (n e = 10 23 cm −3 ), as the recombination of the inner-shell hole is here too fast. Considering mJ-class optical lasers and XFELs with a repetition rate of 10 kHz, the NEEC excitation number can reach ∼ 1 per second, which is competitive with the NEEC in the plasmas generated by petawatt-class lasers [36, 37] . Our results would be interesting for the envisaged facilities with a combination of optical and X-ray lasers such as HIBEF [41] at the European XFEL [42] .
